Abstract. Silver-copper alloys are condensed in a liquid-solid domain of the phase diagram on a tilted molybdenum substrate regulated in temperature. After a droplets regime, a film which contains a monolayer of nodular solid crystals forms. The size distribution and density of the particles in the film are measured after different condensation times. Results show that in our experimental conditions a ripening process occurs which is evidenced by a decrease of the number of particles with time, and a broad particle size distribution. However, the decrease rate is smaller than expected without a condensation flux. A model is then developed to interpret and generalize these results. This model results from the modification of the Lifshitz-Slyosov model [1] to take into account the supply from the vapour phase. It is shown that the higher the flux of material to solidify from the vapour phase is, the more the growth from the vapour phase overcomes the ripening process. Once the particle density reaches a characteristic value which is simply proportional to the incoming flux, no more particles are dissolved. The system then tends towards a monomodal distribution with a radius which grows in t 1/3 .
Introduction
The main purpose of our work is to study the condensation and the flow of a silver-copper alloy when its composition enters a solid-liquid domain of the phase diagram. Silver and copper vapour beams are produced by two effusion cells heated by tungsten resistors and condense on a molybdenum substrate regulated in temperature. The alloy composition on the substrate is regulated by fixing the two furnaces temperatures.
In a previous paper, the successive stages of the film formation were presented [2] . The film formation is preceded by a droplet regime. In the droplets, the solid phase nucleates heterogeneously on the substrate and is present in the form of nodules. Then, a film is formed by coalescence of the droplets. The film forms more quickly when the condensate has a composition which enters a solidliquid domain of the phase diagram and its formation is governed by the local solid fraction.
In this paper, the evolution of the size and the density of solid particles in the film is studied.
Under condensation, two contributions exist:
a e-mail: cgueneau@cea.fr -the ripening process which leads to a progressive reduction of the number of solid particles by dissolution of the smallest ones in aid of the largest ones; -the individual crystal growth which is maintained by the supply of material to solidify from the vapour phase.
So, the purpose of our work is to understand how this competition between individual growth and ripening process controls the evolution of the size and the density of solid particles in the film. At first, these two parameters are measured in the film. Then, a model is developed and a comparison is made with experimental results. Finally, a discussion on the growth process in the beginning of the condensation and on the influence of vapour supply and vapour flux is presented.
Experimental

Methods
The experimental equipment for co-evaporation of the two metal vapours is shown in Figure 1 . Knudsen cells (φ cell = 2 cm, h cell = 1.6 cm, φ hole = 2.5 mm) containing silver and copper were heated by tungsten resistors, tilted at 14.5
• from the vertical. A molybdenum substrate (5.5 × 5.5 × 0.2 cm
3 ) tilted at 45
• from the vertical, was placed at a distance of 16 cm from the vapour sources and was regulated in temperature. Temperatures of both cells and substrate were measured by thermocouples. The vacuum was about 10 −6 -10 −5 torr in the evaporation chamber during the experiment.
At the beginning of the experiment, shutters were placed above the cells and the source temperatures were allowed to reach their steady value. Next, the element vapour fluxes were measured with a piezoelectric quartz crystal microbalance (placed at a distance of 11.2 cm from the vapour sources) and the temperatures of both cells were regulated to have the right vapour composition and flux. The incident vapour fluxes on the center of the substrate were of the order of [2 × 10 −3 -10 −2 ] g h −1 cm −2 . Then shutters were removed simultaneously and the substrate was exposed to the vapour. During condensation, in situ observations were made with a video camera. When the condensation time was over, shutters were placed again above the cells and the condensate was quenched with nitrogen gas circulating into the substrate support (the cooling rate is of the order of 2
• C/s). Finally the element vapour fluxes were checked a second time with the piezoelectric quartz crystal microbalance before decreasing the heater temperatures.
Several experiments were made with condensation durations ranging from 15 to 75 minutes to study the evolution of the size and the density of solid particles in the film as a function of time. In all cases, the average alloy composition on the substrate was about 62 at.% Cu and the molybdenum substrate temperature was regulated around 810
• C. The cell temperatures, average alloy compositions, condensation times and masses deposited are listed in Table 1 .
The observation of the substrate with the video camera during the condensation process showed that the film formed nearly instantly in the bottom of the substrate where the vapour fluxes were the most important. So, it can be considered that, in those parts of the substrate, the duration of the stay of solid particles in the film was equal to the condensation time. Thus, measurements of size and number density of particles were made for the three tests in those areas.
To measure the particle size distribution, several micrographs were taken on cross sections of the condensates by scanning electron microscopy ( Fig. 2) . On each micrograph, the height h and the width l of each particle were measured by using a software of images analysis (LEICA). The number of analysed crystals was about two hundreds by test. From the values of h and l, the surface occupied by each particle in the cross section was deduced. The solid surface measured includes the solid surface formed during the quench. So, a correction was made to obtain the surface occupied by the solid phase at the end of the condensation before the quench [3] . Finally, assuming that the crystals were spherical, the radius of each particle, the average one and the size distribution were deduced.
To measure the number density of crystals, some parts of the film were polished superficially to reveal the solid particles. Then, micrographs of the polished film surface were taken. An example is shown in Figure 3 . By images analysis, the number density of crystals by m 2 was obtained. The areas analysed contained between two hundreds and four hundred crystals. In the film, the solid particles were organized on a monolayer on the substrate. Consequently, the obtained surface number density of particles takes into account all the particles in the film, and thus is the proper quantity for comparing the numbers of particles between the different tests. 
Results
The histograms of 2D particle size distributions obtained for tests 1 to 3 are presented in Figures 4 to 6. The corresponding values of the average particle radius and the number density of crystals are given in Table 2 . Figures 4 to 6 show that when the duration of the stay of crystals in the film increases, the size dispersion increases, and the distribution of particles between all the classes of size becomes less homogeneous. Figure 7a shows that the increase of the average particle radius with time is consistent with the classical 1/3 power law for Ostwald ripening processes. On another hand, the number density of crystals decreases less rapidly than would be expected in such a process (t −1 power law) (Fig. 7b ). This experimental result can be explained by an influence of the constant supply of solid phase from the vapour, which enhances the particle growth. A simple model taking into account the influence of the condensation flux is developed below in order to analyse this point in more detail.
Modelling
Principle
In this paragraph, a model of the evolution of the size and the density of the solid particles under condensation is presented. This model results from the modification of the equation of conservation of the total quantity of solute in the Lifshitz-Slyosov model [1] , to take into account the supply of material to solidify from the vapour phase. It is admitted that the solid particles are embedded in a liquid matrix of uniform composition. This assumption is not rigorously satisfied considering the diffusion from the surface but it would be acceptable insofar as crystals are nearly at the same distance from the surface. Moreover, the hypothesis of a spherical symmetry of the solute field around each particle is conserved and the flow of the solidliquid film is not considered.
An initial Gaussian particle distribution is fixed. This distribution is divided into N intervals of length L. Let ε 0 be the ratio of the standard deviation to the mean radius. The top of the distribution coincides with the average particle radiusā at t = 0. The minimum and the maximum radius at t = 0 are defined by:
and the length L of one interval of the distribution by:
The radius a(j, t = 0) and the number of particles f (j) of class j of the initial distribution are calculated according to:
with j between 1 and N . At each time n∆t, the new radii a(j, t + ∆t) in the N intervals of the distribution are calculated from the radius a(j, t) by an implicit method:
n is an integer which belongs to the interval [1, n max ], with n max ∆t, the duration of the stay of crystals in the film. This calculation requires to know the growth velocity of each particle of the distribution. Its final expression is [3] :
with
and
the critical radius of the distribution at time t. 
According to equation (7) (see also [4]):
-particles with a radius a(t) = a 0 (t) are stable; -particles with a radius a(t) < a 0 (t) dissolve with increasing velocity when a(t) decreases; -particles with a radius a(t) > a 0 (t) grow but it exists a maximum value for the growth velocity corresponding to a particle with a radius a(t) = 2a 0 (t). Equation (6) becomes:
The conservation of the total volume of solid in the system is expressed by:
with φ, the total incident vapour flux and S C , the incident fraction of solid per unit volume. Putting equation (7) in equation (11), the evolution of the critical radius a 0 (t) as a function of the average particle radiusā(t) is obtained:
with n S germes (t), the particle density per unit surface at time t. At each time step, once the radius of all the different classes of the distribution are known, their arithmetic average is calculated and the critical radius is deduced from equation (12).
In practice, when the size of a particle class becomes lower than the critical radius, it is quickly eliminated. So, at the end of each time step, the classes with a particle radius lower than a limit value set to 1.1 × 10 −8 µm are subtracted from the total number of particles of the previous time step. Thus, the evolution of the density of solid particles is followed.
Results: comparison with experimental results
Simulations were made with an average radius and a density of solid particles at t = 0 equal to the experimental values measured for test 1. The duration of a time step, the standard deviation and the number of intervals were arbitrarily chosen equal to 0.01 second, 0.1 and 50.
To calculate A, the following values were used: [7] . -C 0∞ = 0.557 (according to the phase diagram) [8] .
Thus, A = 4.175 × 10 −19 m 3 s −1 . The flux of solid from the vapour phase ΦS C was calculated from the copper and silver fluxes measured with the piezoelectric quartz crystal microbalance. The detail is given in reference [3] . The value of ΦS C is about 4.2 × 10 −9 m 3 m −2 s −1 . Figure 8 shows the calculated evolution of size distribution between the initial state corresponding to test 1, and the final states at times corresponding to tests 2 and 3 respectively.
Thus, when the duration of the stay of solid crystals in the film increases:
-the distribution widens because all the particles did not develop with the same velocity; -the classes of particles with the lowest radius disappear to the benefit of the largest ones; -the distribution moves towards larger radii, with an average radius which increases more quickly than the critical one because of the constant supply of solid phase from the vapour.
So, the calculated evolution of the shape of the size distribution as a function of time is qualitatively similar to the one observed experimentally. Moreover, the experimental average radius and density of crystals are satisfactorily reproduced according to Table 3 .
Discussion
In this paragraph, the model is used: first, to analyse the competition between ripening and growth as a function of the condensation time, starting from very short times; and secondly, to study the influence of the intensity of the vapour flux on this competition.
Growth process in the beginning of the condensation
An initial stage with a high density of crystals of small size is assumed. It could result from the coalescence of a large number of little droplets, each containing one crystal at equilibrium. Let h o be the thickness of the continuous film formed by the coalescence of these droplets. If the droplets are assumed hemispherical, joined and arranged in a square pattern, the radius of each droplet a G , the initial radius of crystals a C and the number density of crystals per unit surface n S germes are linked to h o by:
With a film thickness of 1 µm and a solid flux of 4.6 × 10 −9 m 3 m −2 s −1 , the evolution of the average and critical radius plotted in Figure 9 is obtained. The discontinuities at short times are due to the time range considered for the calculation.
During an initial stage, the number density of crystals per unit surface is first reduced according to a classical ripening process, with the average and critical radii being equal and given by the Lifshitz-Slyosov law. Then, it becomes constant and the system reaches an asymptotic state in which the distribution is monomodal and the radius equals 1.5a 0 , the characteristic value for which the relative growth velocity (da/dt)/a is maximum. Then, according to equation (12), the corresponding final density of crystals is then given by:
which, for the considered value of ΦS C , gives n S = 1.7 × 10 9 m −2 .
Influence of vapour supply and vapour flux
Simulations are made with different condensation fluxes and a duration of 3600 seconds, again with an initial average radius and an initial density of crystals equal to the experimental values measured for test 1. The reference case is the one with a flux typical of our experimental conditions: ΦS C = 3.8 × 10 −9 m 3 m −2 s −1 . By comparison, the size distribution obtained for solid fluxes respectively equal to zero, ten times lower, and ten times higher than the reference one, are plotted in Figures 10 a, b and c. The corresponding average and critical radii and number densities of crystals are listed in Table 4 .
In the absence of condensation, the average radius of the distribution at the end of the test is lower than in the case of a supply of vapour. On the other hand, the number of particles dissolved is greater because the critical radius is always equal to the average one (i.e. equation (12) with ΦS C = 0).
For increasing condensation fluxes, the average radius at given time is increased, while the critical radius is decreased. The fraction of dissolved particles is decreased and reaches zero at the highest flux. Thus, condensation results in a limitation of the ripening process by favouring the growth of the particles. For the highest flux, ripening is even suppressed because the initial particle density is lower than the critical value given by equation (14). Comparison between the evolution of the particle size distribution after 3600 seconds with condensation (circles) and without condensation (stars). The average radii are represented by squares and the critical radii by triangles; (b) comparison between the evolution of the particle size distribution after 3600 seconds with a low flux (stars) and for the reference (circles). The average radius are represented by squares and the critical radius by triangles; (c) comparison between the evolution of the particle size distribution after 3600 seconds with a high flux (stars) and for the reference (circles). The average radius are represented by squares and the critical radius by triangles. 
Conclusion
Silver-copper alloys with a composition entering a solidliquid domain of the phase diagram were condensed on molybdenum substrates. In the film formed, the evolution of the size distribution and the number density of solid particles was studied. Experimental results show that when the duration of the stay of crystals in the film increases:
-the particles size dispersion increases; -the smallest particles are dissolved by a ripening process in aid of the largest ones; -the increase of the average particle radius with time is consistent with the classical 1/3 power law.
These results are satisfactorily reproduced by a model of ripening process which takes into account the supply of material to solidify from the vapour phase. More generally, from a parametric study of the model, two scenarios are evidenced depending on whether the initial particle density is higher or lower than a characteristic density which is simply proportional to the condensation flux:
-in the first case, a first step occurs where a broad size distribution is obtained in which the smallest particles dissolve to the benefit of the largest ones, until the density reaches the characteristic value; -in the second case, no particle is dissolved from the start and all particles grow.
At sufficiently long times, the particle distribution should evolve towards a monomodal one in both cases.
